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Superinfection exclusion (SIE), a phenomenon in which a primary virus infection prevents a secondary
infection with the same or closely related virus, has been observed with various viruses. Earlier we
demonstrated that SIE by Citrus tristeza virus (CTV) requires viral p33 protein. In this work we show that
p33 alone is not sufﬁcient for virus exclusion. To deﬁne the additional viral components that are involved
in this phenomenon, we engineered a hybrid virus in which a 50-proximal region in the genome of the
T36 isolate containing coding sequences for the two leader proteases L1 and L2 has been substituted with
a corresponding region from the genome of a heterologous T68-1 isolate. Sequential inoculation of plants
pre-infected with the CTV L1L2T68 hybrid with T36 CTV resulted in superinfection with the challenge
virus, which indicated that the substitution of the L1–L2 coding region affected SIE ability of the virus.
& 2015 Elsevier Inc. All rights reserved.Introduction
The ability of a preexisting viral infection to prevent a sec-
ondary infection by the same or closely related virus termed
superinfection exclusion (SIE) was ﬁrst described between two
genotypes of Tobacco mosaic virus (TMV; McKinney 1926, 1929).
Since then, SIE was often found with different viruses infecting
bacteria, plants, animals, and humans (Salaman, 1933; Bennett,
1951; Dulbecco, 1952; Visconti, 1953; Steck and Rubin, 1996a,
1966b; Bratt and Rubin, 1968; Hull and Plaskitt, 1970; Johnston et
al., 1974; Fulton, 1978, 1986; Whitaker-Dowling et al., 1983; Adams
and Brown, 1985; Delwart and Panganiban, 1989; Lecoq et al.,
1991; Wen et al., 1991; Walkey et al., 1992; Strauss and Strauss,
1994; Karpf et al., 1997; Singh et al., 1997; reviewed by Fraser,
1998; Hull, 2002; Geib et al., 2003; Lee et al., 2005; Gal-On and
Shiboleth, 2006; Wildum et al.,2006; Ehrengruber and Goldin,
2007). The phenomenon limits multiplication of two or more
genomes of the related viruses in the same cell and, therefore,
plays an important role in the pathogenesis and evolution of virus
populations.).
search and Education Center,
athology Department, Davis,Examination of the mechanisms involved in SIE in different
virus–host systems demonstrated that interference with the sec-
ondary infection is triggered by viral factors such as proteins or RNA
sequences encoded by the primary virus and could take place at
various stages of the virus life cycle. For a number of animal viruses,
SIE was shown to be conferred by certain proteins produced by the
primary virus upon its infection of a host cell, some of which block
infection of the incoming challenging virus at the level of entry (Berg
et al., 2003; Barnard et al., 2006), while others prevent its dis-
assembly or replication (Steck and Rubin, 1996a, Horga et al., 2000;
Lee et al., 2005; Tscherne et al., 2007; Webster et al., 2013; Laliberte
and Moss, 2014). For instance, SIE by Inﬂuenza A virus is conferred by
viral neuraminidase that cleaves sialic acid receptors from the sur-
face of virus-infected cells (Huang et al., 2008), thus, preventing
entry of a related secondary virus (Morrison and McGinnes 1989;
Horga et al., 2000; Huang et al., 2008). Similarly, primary infection
by Human immunodeﬁciency virus 1 (HIV-1) renders infected cells
refractory to new infections via coordinated function of three viral
proteins, Nef, Env, and Vpu, which signiﬁcantly down-regulate CD4
receptor essential for HIV-1 entry (Geleziunas et al., 1994a, 1994b;
Chen et al., 1996; Lama, 2003). Vaccinia virus-infected cells repulse
superinfection by utilizing inhibitory complex of A56-K2 viral pro-
teins that lies on the cell surface and blocks entry of incoming
particles of the same virus (Doceul et al., 2012). Furthermore, for
viruses such as Sindbis virus and Semliki Forest virus, SIE was shown
to be determined by viral proteases that down-regulate or com-
pletely block replication of the secondary virus via processing its
Fig. 1. Examination of the ability of p33 to elicit superinfection exclusion. (A) Schematic
diagram of the genome organization of CTV T36, CTVp33T68 hybrid, and CTV T68-1
genomes. The open boxes represent open reading frames (ORFs 1a through 11) and their
translation products. L1 and L2, papain-like protease domains; MT, methyltransferase
domain; IDR, inter-domain region; HEL, helicase domain; RdRp, an RNA-dependent RNA
polymerase; HSP70h, HSP70 homolog; CPm, minor coat protein; CP, major coat protein.
Positions of the T36 IDR and T68 IDR primers used in the analysis are indicated by
arrows. (B) Detection of the primary viruses before challenge inoculation (ﬁrst ﬁve
lanes) and the primary and the challenge viruses after challenge inoculation (next ﬁve
lanes) by RT-PCR using two sets of primers that speciﬁcally amplify regions within the
IDR domains of the T36 or T68-1 genomes and yield products of 409 and 1304bp,
respectively. For the treatment in which the hybrid CTVp33T68 virus was used for
primary inoculation the results are shown for three individual plants. Reaction products
were analyzed by electrophoresis in 1% agarose gel.
O.O. Atallah et al. / Virology 489 (2016) 108–115 109replicase into nonstructural proteins incapable of minus-strand
synthesis (Karpf et al., 1997; Ehrengruber and Goldin, 2007).
For plant viruses, the involvement of speciﬁc viral factors in SIE
is exempliﬁed by the coat protein of TMV, which production by the
primary virus was shown to interfere with a subsequent virus
infection via blocking disassembly of the challenge virus as it
enters the cell (Powell-Abel et al. 1986; Koo et al., 2004). On the
other hand, most cases of SIE in plant virus systems have been
attributed to the induction of RNA silencing, a host defense
mechanism that is triggered by double-stranded RNA (dsRNA) and
leads to a sequence-speciﬁc degradation of RNA molecules medi-
ated by small RNAs processed from the former dsRNA (Baulcombe,
2004; Voinnet, 2005; Ding and Voinnet, 2007). According to this
model, structured regions in the primary virus genome or dsRNA
replication intermediates are recognized by the RNA silencing
machinery that generates a heterogeneous pool of viral small RNAs
derived from various genomic regions. These small RNAs guide
degradation of RNA containing homologous sequences such as
those of the incoming challenge virus (Ratcliff et al., 1997, 1999;
reviewed in Hull, 2002).
We are examining SIE by Citrus tristeza virus (CTV), which is
recognized as the most economically important virus of citrus. Over
the last century, CTV infections caused deleterious damage to citrus
industries in many citrus-producing countries over the world (Moreno
et al., 2008). CTV represents the largest and most complex member of
family Closteroviridae (Bar-Joseph et al., 1979; Dolja et al., 1994; Agra-
novsky, 1996; Karasev, 2000; Dolja et al., 2006). CTV virion is a long
ﬂexuous particle of 200011 nm, which contains a 19.3 kb positive-
sense single-stranded RNA genome encapsidated by two coat proteins.
The viral genome is organized into 12 open reading frames (ORFs)
ﬂanked by two untranslated regions (Pappu et al., 1994; Karasev et al.,
1995) (Fig. 1). ORFs 1a and 1b are directly expressed from the genomic
RNA and encode two papain-like leader proteases L1 and L2 as well as
methyltransferase-, helicase-, and RNA-dependent RNA polymerase-
like domains (Karasev et al., 1995). Ten ORFs located in the 30 portion
of the virus genome are expressed via a nested set of 30-coterminal
subgenomic RNAs (Hilf et al., 1995) and encode the following proteins:
major (CP) and minor (CPm) coat proteins, p65 (a homolog of cellular
HSP70 proteins), and p61 that are required for virion assembly
(Satyanarayana et al., 2000) and movement along with the hydro-
phobic p6 protein (Dolja et al., 2006; Tatineni et al., 2008); p20 and
p23 proteins that function as suppressors of the host RNA silencing
along with CP (Lu et al., 2004); and three proteins p33, p18, and p13,
which are dispensable for infection of most citrus varieties, yet are
needed for systemic infection of a few others and are thought to play a
role in extending the virus–host range (Tatineni et al., 2008, 2011).
CTV consists of numerous isolates that are classiﬁed into six
major genotype groups or strains, T3, T30, T36, T68, VT and RB,
based on the nucleotide sequence similarity of the ORF1a (Harper,
2013). This region of the genome shows high genetic diversity
between CTV variants, with levels of sequence identity ranging
between 72.3% and 90.3%. This compares to a range of 89–94.8%
identity found in more conserved 30 half-regions of the genomes of
isolates from different CTV strains. Isolates within a strain have
minor sequence divergence, generally less than 5% throughout the
entire genome (Harper, 2013).
Earlier, we demonstrated that SIE occurs only between isolates
of the same strain of CTV but not between isolates of different
strains (Folimonova et al., 2010). Recently, we showed that the
ability of CTV variants to exclude superinfection by another variant
of the virus does not correlate with the production of viral small
RNAs (Folimonova et al., 2014). Furthermore, SIE by CTV requires a
speciﬁc virus protein, p33 (Folimonova, 2012). The lack of the
functional p33 completely eliminates the ability of the virus to
exclude superinfection by the same or closely related virus.
Remarkably, p33 mediates SIE at the whole organism level, whileit does not appear to be required for exclusion at the cellular level,
which suggests the existence of other factors involved in this
phenomenon (Bergua et al., 2014).
In this work, we show that although the p33 protein is required for
SIE, it is not sufﬁcient to elicit SIE between heterologous CTV variants.
We further demonstrate that a region within CTV genome encoding
two papain-like leader proteases L1 and L2 is also involved in CTV SIE.Results
The p33 protein is not sufﬁcient to elicit SIE
Earlier we demonstrated that SIE by CTV requires the viral
protein p33: lack of the functional p33 resulted in a loss of virus
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more, a CTV hybrid, CTVp33T68, engineered by replacing the p33
coding region in a cDNA infectious clone of an isolate of the T36
strain with a cognate sequence from an isolate of the T68 strain
failed to exclude the wild type T36, suggesting that p33 functions
in a homology-dependent manner (Folimonova, 2012). To examine
whether the p33 protein is sufﬁcient to confer the exclusion
between CTV isolates from different strains, we tested the ability
of CTVp33T68 to exclude the donor T68-1 isolate (Fig. 1). As the
ﬁrst step, the hybrid virus was inoculated into young Citrus mac-
rophylla Wester plants. As the control treatments in this experi-
ment, a set of plants was inoculated with the parental T36 isolate
and another one was kept with no primary inoculation. The
establishment of the primary infections was conﬁrmed by ELISA
using a CTV-speciﬁc antibody (Table 1). Both the wild-type T36
and the CTVp33T68 hybrid reached similar titers in the inoculated
plants. At the next step, plants were challenge-inoculated with the
T68-1 isolate. Three months after challenge inoculation, samples
from newly emerged ﬂushes of leaves were collected and used to
examine presence of the primary and secondary viruses by reverse
transcription-PCR (RT-PCR) analysis using oligonucleotide primers
that speciﬁcally amplify regions within the ORF1a of the T36 or
T68-1 genome, respectively (Folimonova et al., 2010; Table 2). As
we expected, primary infection with the parental T36 isolate did
not exclude a secondary infection by the T68-1 isolate, which was
in the agreement with our previous observations (Folimonova et
al., 2010; Fig. 1B; Table 1 Exp. A). The RT-PCR results also
demonstrated the presence of the challenge isolate T68-1 in plants
that were pre-infected with the CTVp33T68 hybrid (Fig. 1B;
Table 1 Exp. A). The CTVp33T68 hybrid behaved similar to the wild
type T36 as it did not exclude the donor isolate of the T68 strain.
This result indicated that expression of a heterologous p33 by an
isolate of CTV is not sufﬁcient to elicit exclusion of superinfection
by the donor strain and suggested that p33 is not the sole deter-
minant of SIE and other factors encoded by the virus are required
for the exclusion phenomenon.
A 50-proximal region that encodes leader proteases of CTV is involved
in SIE
The inability of the p33 protein alone to elicit SIE brought up a
need to explore the other regions of the CTV genome in respect to
their possible involvement in SIE. In our earlier study, we have
created a series of hybrid viruses in which most regions in the 30
half of the CTV genome of the T36 isolate were substituted with
the cognate regions from the isolates of the T68 or T30 strainsTable 1
Examination of the ability of CTV T68/T36 hybrids to prevent superinfection by isolates
Exp. group Primary inoculation Pre-challenge CTV titera Challenge inoculati
Exp. A None 0.0770.006 T68-1
CTV T36 3.0370.046 T68-1
CTVp33T68 3.1170.031 T68-1
Exp. B None 0.1070.004 CTV T36-RFP
CTV T36-GFP 2.9870.056 CTV T36-RFP
CTV L1L2T68-GFP 2.9970.030 CTV T36-RFP
Exp. C None 0.1070.007 T68-1
CTV T36-GFP 3.0170.029 T68-1
CTV L1L2T68-GFP 3.0670.042 T68-1
a Trees were assayed at six weeks after initial inoculation by triple-antibody sandwi
for 5 plants7standard deviation.
b The results from RT-PCR are illustrated as “þ”, which indicates ampliﬁcation of the
lack of ampliﬁcation of the product.
c GFP and/or RFP ﬂuorescence was observed in the bark tissue of trees by using a d(Folimonova et al., 2010). These substitutions, however, did not
affect SIE ability: all the hybrids behaved similarly to the parental
T36 and successfully excluded a secondary infection by the wild
type T36 virus (Folimonova et al., 2010). In this study, we targeted
regions located in the proximity to the 50 end of the CTV genome.
We created a hybrid in which a region encompassing a sequence
between nucleotides 108–3035 in the T36 genome, which encodes
two papain-like leader proteases L1 and L2, was substituted with a
cognate sequence from the T68-1 isolate (Fig. 2). To ensure the
ability to visualize the hybrid in the infected plants, a T36 infec-
tious clone tagged with GFP was used as a basis for the hybrid
construction (T36-GFP; El-Mohtar and Dawson, 2014). As the next
step, the CTV L1L2T68-GFP hybrid was used for inoculation of
young seedlings of C. macrophylla plants. Additionally, a set of
control plants was inoculated with CTV T36-GFP, and another one
was left with no primary infection. Systemic infections by the
primary viruses were conﬁrmed by detection of GFP ﬂuorescence
in the inoculated trees as well as by ELISA using CTV-speciﬁc
antiserum (Fig. 2B; Table 1 Exp. B). Importantly, the new hybrid
established a systemic infection within a time frame similar to that
of the parental T36-GFP virus (5 weeks after inoculation) and
showed a similar level of accumulation in the infected plants
(Table 1 Exp. B). Sequentially, the treatments were challenge-
inoculated with the red ﬂuorescent protein (RFP)-tagged T36
virus. Three months after challenge inoculation samples were
collected and analyzed by ﬂuorescence microscopy and RT-PCR
using primer sets that speciﬁcally amplify sequences of the viruses
used for primary or secondary inoculations (Table 2). As the result
in this experiment, the challenge T36-RFP virus was detected in
the plants that had no primary infection (Fig. 2B, C; Table 1 Exp. B).
As we expected, T36-GFP completely excluded superinfection by
the T36-RFP virus. This was conﬁrmed by the lack of RFP ﬂuor-
escence as well as the lack of the ampliﬁcation of the T36-RFP-
speciﬁc RT-PCR product detected in samples from the T36-GFP-
preinfected plants (Fig. 2B and C). Remarkably, CTV L1L2T68-GFP
hybrid that was engineered based on the genome of the T36 iso-
late, while contained a substitution of a region encoding leader
proteases with that from the T68-1 isolate showed a behavior
different from the parental T36 virus: the hybrid failed to exclude
T36-RFP (Fig. 2B and C; Table 1 Exp. B). The plants pre-infected
with CTV L1L2T68-GFP showed strong RFP expression from the
challenge T36-RFP virus along with the GFP ﬂuorescence produced
by the primary virus. The level of RFP ﬂuorescence observed in the
samples collected from the latter plants was comparable to that in
plants that had no primary infection (Fig. 2B). Analysis of the
samples by RT-PCR using a primer set speciﬁc to the codingof the T36 or T68 strains of CTV.
on Detection of the primary virus Detection of the challenge virus
RT-PCRb Fluorescencec RT-PCRb Fluorescencec
– N/A þ N/A
þ N/A þ N/A
þ N/A þ N/A
– N/A þ þ
þ þ – –
þ þ þ þ
– N/A þ N/A
þ þ þ N/A
þ þ þ N/A
ch ELISA using a CTV-speciﬁc antibody. ELISA values (A405) are an average of results
primary or the challenge isolate-speciﬁc RT-PCR product, and “–”, which indicates
issecting ﬂuorescence microscope at three months after challenge.
Table 2
List of primers used for detection of primary and challenge viruses.
Primer set Sequence (50 to 30) Product size (bp) Position in the CTV genome (nt) Refs.
T36 IDR (þ) gttttctcgtttgaagcggaaa 409 4865–5273 Hilf et al. (2005)
(–) caacacatcaaaaatagctagt
T68 IDR (þ) ggagttaactagtggtggtag 1304 5716–7020 Matos et al. (2013)
(–) cttcatactaaacgcgttacg
L1L2 T36 (þ) atgtcgaaactcagaggaagcttctggtcttcggc 2184 108–2266 This study
(–) ctgcgacgatgaaggcttatcactc
L1L2 T68 (þ) aaccgagtgaacccaaccgtgca 1820 595–2415 This study
(–) acagacgacccaaaactatgc
GFP (þ) ctggagttgtcccaattcttg 599 Sequences within the GFP ORF This study
(–) cgaaagggcagattgtgtcga
RFP (þ) aggagaacatgcacatgaagc 602 Sequences within the RFP ORF This study
(–) gtcggcctccttgattctttc
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of the challenge virus infection (Fig. 2C; Table 1 Exp. B; The pre-
sence of the primary CTV L1L2T68-GFP virus was conﬁrmed by the
RT-PCR analysis using primers speciﬁc to the L1–L2 region of T68-
1 listed in Table 2). Therefore, substitution of the leader proteases'
region with a cognate sequence from a heterologous virus isolate
genome resulted in a loss of virus ability to exclude superinfection
by the parental virus, indicating the involvement of this region
in SIE.
As the next step, we assessed the ability of the CTV L1L2T68
hybrid to exclude superinfection by a virus of the T68 strain. Plants
that were pre-infected with CTV L1L2T68-GFP were sequentially
challenged with T68-1. The parental T36-GFP was used as a control
in this experiment. As expected, T36-GFP did not exclude super-
infection by T68-1 (Fig. 2D, Table 1 Exp. C). The outcome of
challenge-inoculation of the CTV L1L2T68-GFP-pre-infected plants
was similar. RT-PCR analysis using primers that speciﬁcally amplify
sequences of the primary CTV L1L2T68-GFP hybrid or the sec-
ondary T68-1 virus detected presence of both viruses in the
challenged plants (Fig. 2D, Table 1 Exp. C), demonstrating that the
L1–L2 region was not sufﬁcient for eliciting the exclusion.Discussion
Earlier we showed that SIE by CTV is an active virus-controlled
function. One of the viral factors that control this phenomenon is
the p33 protein (Folimonova 2012). Lack of the functional p33
completely eliminates the ability of a CTV variant to exclude
superinfection by the same or closely related virus variant. Fur-
thermore, as we recently demonstrated, SIE by CTV is operated at
two levels – the cellular and the whole-organism levels. Remark-
ably, p33 mediates SIE at the whole organism level, while it does
not appear to be required for exclusion at the cellular level (Bergua
et al., 2014), which leaves a possibility of the existing of additional
factors that could trigger SIE at the cellular level.
Here we show that although p33 is essential, it is not sufﬁcient
for eliciting SIE by CTV variants. Substitution of the p33 ORF in the
infectious clone of an isolate of the T36 strain of CTV with the
cognate sequence from an isolate of the T68 strain did not confer
the ability of the resulted hybrid to exclude the donor isolate of
the T68 strain, yet both shared identical p33 sequence. This result
indicated that p33 is not the only factor that is required for CTV
isolates to block superinfection.
SIE is a complex phenomenon and often relies on coordinated
function of multiple viral factors. For instance, SIE by HIV-1 and
Vaccinia virus takes place by utilizing an inhibitory complex that
blocks entry of superinfecting viruses (Geleziunas et al., 1994a,
1994b; Chen et al., 1996; Lama 2003; Doceul et al., 2012). Another
example is SIE by Bovine viral diarrhea virus, which has beenshown to be mediated by dual mechanisms: at the level of entry of
an incoming secondary virus and at the level of its replication (Lee
et al., 2005). Our previous data indicated that the ORFs located in
the 30 portion of the CTV genome appear not to play a role in CTV
SIE. Substitutions of extended sequences encompassing regions
between the HSP70h ORF and the 30 terminus in the T36 infectious
clone did not affect SIE ability of the virus. The hybrid viruses
behaved similarly to the parental T36 virus: they were capable of
excluding superinfection by an isolate of the T36 strain, while
unable to prevent secondary infection by an isolate from a het-
erologous strain of CTV (Folimonova et al., 2010). In this work, we
examined the involvement of the 50-proximal region in SIE and
showed that a region of the CTV genome that encodes two papain-
like leader proteases, L1 and L2, is another determinant of SIE. A
replacement of the T36 leader proteases' region with a cognate
region from the T68 strain resulted in a loss of the virus ability to
exclude superinfection of the parental T36 virus, which indicated
that the region encoding leader proteases plays a role in the SIE
phenomenon. Our next experiment showed that while this region
is involved in SIE, it is not sufﬁcient for exclusion. Future research
will determine whether sharing the homology in both p33 and the
proteases’ region is all that is required for exclusion between two
virus variants or some additional viral factors are needed.
Viral proteases are multifunctional proteins encoded by the
vast majority of positive-strand RNA viruses of humans, animals,
plants, and fungi, which play vital roles at different stages of the
virus infection cycle (Dougherty and Semler 1993; Koonin and
Dolja 1993; Cofﬁn and Coutts 1993; Babe and Craik 1997; Barrett
and Rawlings 2001; Hull 2002; Tong, 2002; Dolja et al., 2006). In
addition to their primary role in catalyzing proteolytic processing
of the viral polyproteins, viral proteases were shown to function in
virus replication, virion assembly, movement, vector transmission,
and other aspects of virus–host interactions, including evasion of
host defense responses (Guarné et al., 1998; Ventoso et al., 2001;
Peng et al., 2003; Lu et al., 2003; Baulcombe, 2004; Gradi et al.,
2004; Stenger et al., 2006; Syller, 2006; Shiboleth et al., 2007;
Welbourn and Pause 2007; Yi et al., 2009; Liu et al, 2009; Joyce
and Tyrrell 2010; Fernandez-Calvino et al., 2010; Guo et al., 2011;
Castello et al., 2011; Kaukinen et al., 2013; Yuan et al., 2014, Báez-
Santos et al., 2014, Mielech et al., 2015). The involvement of viral
proteases in SIE of a few animal viruses has been also demon-
strated (Karpf et al., 1997; Ehrengruber and Goldin, 2007).
In this study, we showed that a region within the CTV genome
coding for the two leader proteases plays a role in virus SIE.
Importantly, this region shows lowest sequence identity between
sequences of CTV variants representing different strains of the
virus. For instance, the sequence of the L1–L2 coding regions of the
T36 and T68-1 isolates used in this work share 72.3% nucleotide
sequence identity, which compares to 89–94.8% nucleotide
sequence identity found in the more conserved 30-half-regions of
Fig. 2. Examination of the effect of the L1–L2 region on superinfection exclusion. (A) Schematic diagram representing the genome organization of CTV L1L2T68-GFP and CTV
T36-RFP. Dark boxes indicate sequences substituted with the cognate sequences from the T68-1 genome. Positions of the L1L2 T36 and L1L2 T68 primers used in the analysis
are indicated by arrows. (B) Observation of GFP and RFP ﬂuorescence in phloem-associated cells of C. macrophylla trees before and after challenge inoculation with CTV T36-
RFP. Observations were done on the internal surface of bark at 3 months after challenge inoculation using a dissecting ﬂuorescence microscope. Bars¼0.3 mm. (C and D)
Detection of the primary and challenge viruses by RT-PCR using primer sets speciﬁc to the leader proteases’ region of CTV T36 or T68-1 as well as to the GFP or RFP ORFs
(C) or T36-IDR- and T68-1-IDR-speciﬁc primers (D). The expected product sizes are 2184, 1820, 599, and 602bp, respectively. For treatments in which the hybrid CTV
L1L2T68-GFP virus was used for primary inoculation the results are shown for three individual plants. “*” indicates that in this treatment ampliﬁcation of the product
resulted from the primary virus.
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72.02% amino acid identity. It is yet to be determined whether
exclusion is conferred by the encoded proteins or their RNA
sequences.
In conclusion, SIE by CTV is a complex phenomenon that is
operated by more than one viral factor. The p33 protein functions
at the whole organism level. Whether the leader proteases of CTV
and/or their RNA sequence mediate exclusion at the cellular level
and whether these factors function along with p33 or indepen-
dently in orchestrating SIE remains to be understood.Materials and methods
Virus isolates
The infectious clone of the wild-type T36 isolate of CTV
(Satyanarayana et al., 1999, 2003), the GFP-tagged T36 virus (CTV
T36-GFP) (Folimonov et al., 2007), the hybrid virus CTVp33T68
(Folimonova, 2012), the CTV isolate T68-1 (Folimonova et al.,
2010), and a set of viruses engineered in this work (CTV T36-RFP
and CTV L1L2T68-GFP) were maintained in citrus plants under
O.O. Atallah et al. / Virology 489 (2016) 108–115 113greenhouse conditions. These plants were used as sources of virus
for subsequent graft-inoculations of young C. macrophylla trees.
Generation of virus constructs
The infectious cDNA clone of the T36 isolate of CTV tagged with
GFP in the binary vector pCAMBIA-1380 (Satyanarayana et al.,
1999, 2003; Gowda et al., 2005; El-Mohtar and Dawson, 2014;
Hajeri et al., 2014) was the basis of all pCTV constructs engineered
in this study. To generate hybrid virus constructs, double-stranded
CTV RNA was extracted from C. macrophylla trees infected with
T68-1 as described (Moreno et al., 1990). This double-stranded
RNA was used for cDNA synthesis and subsequent PCR ampliﬁca-
tion to generate T68-1 sequences that were further used to sub-
stitute cognate sequences in the T36 infectious clone. To generate
pCTV L1L2T68-GFP hybrid virus, the region between nts 108 and
3012 in the T68-1 genome that encodes two leader proteases L1
and L2 was PCR ampliﬁed from the T68-1 cDNA using forward and
reverse primers with overhangs extending into the upstream and
downstream sequences of T36, respectively (sequences of the
primers used in this study are available upon request). The
immediate upstream region encompassing the 50UTR of CTV T36
and the duplicated 35S promoter of cauliﬂower mosaic virus was
PCR-ampliﬁed with a forward primer having AscI restriction site
and a reverse primer with a short overhang complementary to the
starting sequence of the T68 L1 sequence using the T36 cDNA
clone as a template. The region positioned downstream of the L1–
L2 domain in the CTV T36 genome was PCR-ampliﬁed with a
forward primer having a short overhang identical to the ending
sequence of the T68 L1–L2 fragment and a reverse primer com-
plementary to the region around the Bsu36I restriction site (nts
position 4430) using the T36 cDNA. The three fragments were
used as templates to generate an overlap-PCR product using the
most forward and reverse primers with AscI and Bsu36I restric-
tions sites, respectively. The resulted PCR product was digested
with AscI and Bsu36I restriction endonucleases and ligated into the
CTV T36-GFP infectious clone digested with the same enzymes.
To generate the pCTV T36-RFP virus, the RFP (TagRFP) reporter
gene was PCR ampliﬁed using primers designed to incorporate
PacI and StuI restriction endonuclease sites at the 50 and 30 ends,
respectively. The PCR-ampliﬁed RFP ORF digested with PacI and
StuI was introduced into the pCTV T36-GFP infectious clone (El-
Mohtar and Dawson, 2014; Hajeri et al., 2014) digested with the
same enzymes. The resulting construct was named pCTV T36-RFP.
Inoculation of plants
CTV constructs generated in this study were used for trans-
formation of Agrobacterium tumefaciens EHA105 cell line as pre-
viously described (Gowda et al., 2005; Robertson et al., 2005;
Ambros et al., 2011). The resulting cultures were then inﬁltrated
into leaves of Nicotiana benthamiana according to the protocol
published previously (Gowda et al., 2005; Ambros et al., 2011). The
inﬁltrated leaves of N. benthamiana plants that tested positive for
CTV infection by ELISA assay and ﬂuorescence microscopy were
harvested at seven days post-inﬁltration and used for virion
extraction as described earlier (Gowda et al., 2005; Robertson
et al., 2005). The latter preparations were used as inoculum for
mechanical “bark-ﬂap” inoculation of 9–12 months old trees of C.
macrophylla. The inoculated plants were maintained under
greenhouse conditions and analyzed by ELISA assay and ﬂuores-
cence microscopy to select the plants with successful viral infec-
tions. The positive plants were used as sources of virus for sub-
sequent graft-inoculations of young trees.
To assess SIE, young trees of C. macrophylla (usually 5 plants per
treatment) were initially inoculated by grafting of virus-infectedtissue from individual source plants. At six weeks after inoculation,
systemic tissue was assayed by ELISA to conﬁrm the establishment
of infection. Secondary (challenge) inoculation of pre-infected
plants was done by grafting another piece of bark tissue excised
from source plants infected with a challenge virus. When the graft
pieces healed, the terminal young branches of leaves were trim-
med to induce emergence of new shoot ﬂushes, which were then
analyzed by ﬂuorescence microscopy and RT-PCR to test the ability
of the challenge virus to establish systemic infection in plants that
were previously infected with a primary virus.
Serological assays
Triple-antibody sandwich ELISA (TAS-ELISA) was performed as
described using antibodies speciﬁc to CTV virions (Garnsey and
Cambra, 1991) to conﬁrm infection in inoculated plants. Plant
extracts were prepared at a 1/20 dilution: 0.25 g of citrus bark
tissue was ground in 5 ml of the extraction buffer for each sample.
Puriﬁed IgG from rabbit polyclonal antiserum CTV-908 (1 mg/ml)
was used as a coating antibody. ECTV172, a broadly reactive CTV
monoclonal antibody was used as detecting antibodies.
Examination of ﬂuorescence in citrus plants inoculated with GFP- or
RFP-tagged CTV
Bark tissue from inoculated trees was examined for GFP and
RFP ﬂuorescence beginning at six weeks after challenge using a
Leica MZ 10F-ﬂuorescence dissecting microscope (Leica Micro-
systems CMS, GmbH, Germany) with an attached camera Leica
DFC 310FX.
Analysis of virus populations in SIE experiments
To examine the structure of virus populations in citrus trees,
bark of young ﬂushes was peeled and ground with liquid nitrogen.
Total RNA was extracted with the Trizol Reagent (Invitrogen) and
subjected to RT-PCR procedure using Titan One Tube RT-PCR
System (Roche). Primer sets used for detection of primary and
challenge viruses are listed in the Table 2. The reactions were
carried out according to the protocol of the manufacturer. Reaction
products were analyzed by electrophoresis in 1% agarose gels
containing ethidium bromide at 200 ng per ml.Acknowledgments
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